The authors investigate the elongation and orientation of different-sized deoxyribose nucleic acid (DNA) molecules, tethered onto gold electrodes via a terminal thiol, under the influence of high frequency ac electric fields. The DNA molecules are elongated from a random coil into an extended conformation and orientated along the electric field lines as a result of the forces acting on the molecules during the application of the ac electric fields. Elongation was observed in the frequency range 100 kHz-1 MHz, with field strengths of 0.06-1.0 MV/ m. Maximum elongation for all DNA fragments tested, irrespective of size, was found for frequencies between 200 and 300 kHz. The torque acting on the induced dipole in the DNA molecules, complemented by a directional bias force, opposite in direction to the dielectrophoretic force, provides the main contribution to the elongation process. The length of elongation is limited to either half the distance between opposing electrodes or to the contour length of the DNA, whichever is shorter. Further, the authors show that the normalized length of the elongated DNA molecules is independent of the contour length of the DNA.
I. INTRODUCTION
When a polarizable particle or molecule, such as deoxyribose nucleic acid (DNA), in an electrolyte is exposed to an ac electric field, a variety of forces act on the molecule. In the molecule itself, a dipole is induced as a result of the redistribution of charges at the molecule-electrolyte interface, 1 which, in a nonuniform field, leads to a dielectrophoretic force on the molecule. In addition, a torque, which aligns the dipole with the electric field, [1] [2] [3] [4] is exerted on the molecule. This phenomenon is known as electro-orientation. 3 The applied ac electric field can also lead to fluid flow, which in turn can result in movement of the molecule. 3, 5, 6 The manipulation of small particles using dielectrophoresis and ac electrokinetic techniques in general has recently received considerable attention as an alternative to optical tweezers 7, 8 or scanning probe techniques, 9, 10 and is becoming a useful tool in molecular biology and biotechnology. Dielectrophoretic forces have been used to separate and manipulate cells, 2, 11 bacteria, 12, 13 viruses, 14 and submicron latex spheres. 5, 15, 16 Recently the dielectrophoretic manipulation of DNA molecules has led to applications such as the concentration of DNA molecules, [17] [18] [19] DNA-protein interaction studies, 20, 21 and molecular surgery of DNA. 22 However, a detailed understanding of the behavior of surface-immobilized DNA molecules when exposed to high frequency ac electric fields, and in particular the orientation and elongation of DNA as a result of dielectrophoretic force and torque, has not yet been established. This is partly owing to the complex local conditions that exist during application of the electric field. Orientation as a function of frequency, electric field, pH, and cation concentration has been studied using fluorescence anisotropy 23 and intensity measurements 17 to quantify the accumulation of DNA around the electrodes and the orientation of the DNA relative to the electric field lines. However, most DNA dielectrophoresis experiments reported in the literature were performed with fluorescently labeled DNA molecules free in solution which are attracted to the electrodes as a result of the imposed dielectrophoretic force. The increase in DNA concentration around the electrode edges leads to an increase in fluorescence intensity, which overshadows the fluorescence intensity changes as a result of dielectrophoretic orientation and elongation of the DNA. Direct immobilization of DNA onto the electrodes prior to electric field application removes this artifact and provides a direct means of studying the effects of the electric field on the molecule. 24 In this article we present a detailed study of the effect of ac electric fields on the elongation and orientation of surfacetethered DNA molecules. We have immobilized four different-sized fragments of -DNA [15, 25, 35 , and 48 kilobases (kb)] onto gold microelectrodes via a terminal thiol group, and measured the length of the elongated DNA as a function of electric field magnitude and frequency. We determine the optimum electric field and frequency range for effective manipulation of the DNA and investigate the elongation of the different-sized DNA fragments as a function of electrode separation. From these results a mechanism for orientation and elongation of immobilized DNA when exposed a) to an ac electric field is proposed, taking into account the theoretical electric field distribution and the observed fluid flow patterns near the electrodes.
II. MATERIALS AND METHODS

A. Microelectrode fabrication
Microelectrodes were used to generate the strong ac electric fields required for the DNA dielectrophoresis. An array of gold microelectrodes was evaporated onto a Si/ SiO 2 substrate, using standard UV photolithography, metal evaporation, and lift-off. The 35-nm-thick gold electrodes were 30 m in width and 15 m apart. Gaps of 20, 30 m, (Fig.  1) or 40 m separated the opposite electrodes. Before DNA immobilization the wafer was cleaned by washing in "piranha" solution ͑30% H 2 O 2 , 70% H 2 SO 4 ͒ for 1 h, followed by rinsing in de-ionized water, ethanol, and again in deionized water. All chemical reagents were purchased from Sigma-Aldrich, unless otherwise stated.
B. DNA fragment preparation
Full-length -DNA ͑48 kb͒ was used in the experiments, along with three smaller -DNA fragments (15, 25, 35 kb).
-DNA is a double-stranded circular DNA molecule that contains two single-stranded nicks on opposite strands, 12 bases apart. The base pairs between the two nicks dissociate when heated to 65°C, forming a linear molecule with two complementary single-stranded overhangs. The three DNA fragments were obtained by digesting -DNA with various restriction enzymes (New England Biolabs) as follows: the 15 kb fragment was formed by the digestion of -DNA with BstZ17I; the 25 kb fragment by concurrent digestion with XbaI and NheI, and the 35 kb fragment by digestion with NheI. The solutions containing the restriction digests were heated to 65°C to dissociate the 12-base overhang of the DNA before the digestion products were loaded onto a ethidium bromide-stained 0.5% agarose gel in tris-acetate-EDTA (TAE) buffer and separated by applying an electric field of 2 V / cm for 3 h. A well was cut in front of the fragments to be purified, and filled with 0.6% low melting point TAE agarose gel. Electrophoresis was continued until the DNA fragments of interest were within the low melting point gel. The gel piece containing the DNA fragments was excised, digested with Gelase (Epicentre), and purified by ethanol precipitation. Before immobilization of the DNA fragments onto the gold electrodes as described in detail in Ref. 24 , each solution was diluted to 50 ng/ l DNA in TE (10 mM tris-HCl, 1 mM EDTA, pH 8) 1 M NaCl solution, and the YOYO-1 fluorescent intercalator (Molecular Probes, Eugene, OR, USA) was added at an intercalator to basepair ratio of 1:8. Control experiments to confirm that the DNA is tethered to the electrodes via one end only have been carried out. The detection method used to confirm the presence of the DNA targets the biotin attached to the free end. 25 All of the control experiments, either using no oligonucleotides at all, complementary but nonthiolated, or noncomplementary oligonucleotides in the multistep procedure, 24 demonstrated that no -DNA was bound to the surface in the absence of suitable anchor molecules confirming that the DNA is tethered only via one end. Further, tethered -DNA was digested with BglII which cleaves the DNA close to the biotinylated end. No biotin was detected in this case, confirming that the biotinylated end was not bound to the surface.
C. Dielectrophoresis experiments
The experiments were all carried out in de-ionized water as the suspending medium, with a conductivity of the order of 10 −5 S / m. The electric field used for dielectrophoresis of the DNA was generated by applying an ac voltage across two opposing electrodes, i.e., an oscillating potential was applied to a specific electrode, while the electrode directly opposite was grounded. All other electrodes were left at a floating potential. The ac potential was generated by a 20 kHz-1.1 MHz signal generator and subsequently amplified using a custom-built amplifier. The electric field referred to in this work is the amplitude of the applied voltage divided by the distance between the electrodes. The orientation and elongation of the fluorescently labeled DNA as a result of the dielectrophoretic force and torque exerted on the DNA was observed with a fluorescent microscope (BX60, Olympus) using a 50ϫ objective. A cooled charge coupled device (CCD) camera (150CL, Pixera) was used to capture images of the elongated DNA. These images were analysed with Scion Image (http://www.scioncorp.com). Images were captured about 10 s after each parameter adjustment to allow steady-state conditions to be reached.
D. Analysis of fluid flow using latex beads
Fluorescently labeled latex beads (Sigma-Aldrich) were used to trace the fluid flow patterns during dielectrophoresis experiments. The latex beads, 0.5 and 2.0 m in diameter, were carboxylate-modified and labeled with a red and yellow-green fluorescent dye, respectively. Before each experiment the beads were centrifuged at 15 000ϫ g for 10 min and washed in de-ionized water three times to remove the storage buffer and resuspended in de-ionized water to a concentration of 0.0125% solids. During application of the electric field the beads experience a combination of dielectrophoretic and hydrodynamic forces. However, their dielectrophoretic behavior is well studied 5, 15, 26, 27 and was taken into account when interpreting their motion in the liquid.
E. Modeling of the electric field
In order to understand the effect of the electrode separation on the elongation and orientation of the DNA molecules, and thus to gain a more detailed understanding of the forces involved, we modeled the electric field around the electrode array using the finite element analysis software Femlab. ) shows the magnitude of the electric field E, calculated in three dimensions, between the two center electrodes in the plane of the electrode surface. E is highest immediately adjacent to the electrode edges and decreases sharply to reach a minimum value at the center of the gap between the electrodes.
III. RESULTS AND DISCUSSION
In the experiments reported here, the DNA molecules were labeled with a fluorescent intercalator and thus their elongation resulted in the formation of an observable fluorescent band of DNA around the electrode edge [ Fig. 1(b) ]. Although previously dielectrophoretic force has been utilized to concentrate DNA free in solution at electrode edges, [17] [18] [19] in the experiments reported here, there was no free DNA in solution that could be attracted toward the electrodes; the fluorescent band around the electrode was solely due to the elongation of DNA molecules, attached to the electrodes by one end via a chemical bond that was formed before application of the electric field. The width of this fluorescent band is a direct measure of the extent of elongation of the immobilized DNA. In all experiments, the reported length of the DNA is the width of the fluorescent band measured from the electrode edge to the edge of the fluorescent band directly between the opposing electrodes. Experiments were repeated three times, and the results reported here are the average of the three experiments. Error bars, on average about ±0.5 m, are omitted from the figures to improve presentation clarity.
A. Frequency and amplitude dependence of DNA elongation
Figure 3(a) shows the length of elongated DNA as a function of frequency at a voltage of 20 V applied across a 40 m gap, resulting in an electric field of 0.5 MV/ m. The behavior of all DNA fragments investigated was qualitatively similar. Below about 100 kHz and above 1.1 MHz the width of the fluorescent band was too small to be measured; we assume that the surface bound DNA molecules were not substantially elongated at these frequencies. A maximum elongation was observed around 200-300 kHz for all DNA fragments. Figure 3(b) shows the length of elongated 35 kb DNA fragments as a function of electric field at different frequencies, again for a 40 m gap. The behavior is qualitatively similar at all frequencies, with elongations varying according to the findings in Fig. 3(a) . Elongation of the DNA was only possible in fields higher than 0.06 MV/ m, and increased with applied voltage up to about 20 V ͑0.5 MV/ m͒, when the increased electrothermal fluid flow prevented steady elongation of the DNA and thus formation of a stable fluorescent band, and length measurements were not possible. This will be discussed in more detail later. The other DNA fragments (48, 25, and 15 kb) showed similar results to the 35 kb DNA fragment (results not shown).
Unlabeled -DNA ͑48 kb͒ has a length of 16.5 m when fully elongated, 28 but the intercalation of YOYO-1 at a dye: base pair ratio of 1:8 leads to a 20% increase in length. 29 Therefore, the contour length L 0 of the 48 kb DNA is about 20 m. The contour lengths of the shorter fragments were calculated in the same way yielding a contour length L 0 of about 15 m for the 35 kb DNA, of about 11 m for the 25 kb DNA, and of about 6.5 m for the 15 kb DNA. Figure  3(a) shows that all four DNA fragments were fully elongated at around 250 kHz.
Several forces act on the immobilized DNA molecules during dielectrophoresis, and these will now be discussed in order to establish a possible elongation mechanism. In a spatially nonuniform electric field E, different forces act on different parts of the DNA molecule as the electric field interacts with the induced dipole along the backbone of the molecule. The net time-averaged dielectrophoretic force, F DEP , results in a movement of the DNA in the direction of the highest values of the product E· ٌ E, i.e., toward the electrode edges, and is given by F DEP =1/4␣ v ٌ ͉E͉ 2 , where ␣ is the polarizability and the volume of the particle. 1, 4 In addition, a torque T = p ϫ E is exerted on the induced dipole by the electric field, where p = ␣E is the induced dipole. In contrast to the dielectric force, the torque depends on the electric field but not its gradient, and thus can be finite even in a uniform field. The torque causes an alignment of the induced dipole along the electric field lines. 3 The behavior of charged polymeric molecules such as DNA when pulled by external forces, for example in an electric field, can be described by the wormlike chain (WLC) model. 30 The WLC model is a special limit of the KratkyPorod (KP) model, 31 where the molecule is approximated as a succession of N segments of length b. The WLC approximation is the continuous limit of the KP model, i.e., b → 0. A possible mechanism for the elongation of the DNA in an ac electric field has been discussed in Ref. 32 . The individual segments align with the electric field lines owing to the torque T and there are two energetically favorable orientations for each segment, parallel and antiparallel to the field lines. In a strong electric field (E ӷ ͱ k b T / ␣, where T denotes temperature, k b is the Boltzmann constant, and E is the absolute value of E), but with no additional external force pulling on the DNA, the segments align with equal probability parallel or antiparallel with the field and the mean elongation of the DNA molecules is expected to be small. 32 However, in the presence of an external or bias force pulling outwards from the electrodes, the probability distribution is shifted toward parallel alignment and an elongation of the DNA molecule results. It has been shown theoretically that a reduction of the torque leads to a decrease in elongation for the same bias force. 32 We note that the dielectrophoretic force points toward the electrodes and is therefore unlikely to contribute towards elongation of the immobilized DNA molecules. Thus other forces, such as viscous drag resulting from fluid flow, have to be considered. In the presence of an electric field, forces act on charges and dipoles in the fluid, leading to fluid flow. In the frequency and electric field range covered in this work, two types of fluid flows are present and have to be taken into account. At low frequencies, i.e., below about 100 kHz dependent on the electrode geometry, the dominant fluid flow is ac electro-osmosis. 5, 6 ac electro-osmosis decreases with increasing frequency and at high frequencies, i.e., above 500 kHz-1 MHz, the dominant force is electrothermally induced fluid flow. 6, 33 We have investigated the fluid flow as a function of frequency and electric field in the same system used for studying the elongation of DNA. Figure 4(a) shows a frame of a video recording of the motion of the latex beads during the application of a 1 MHz, 0.25 MV/ m electric field. The arrows indicate the fluid flow pattern, which was derived from the migration of the latex beads while taking into account the dielectrophoretic effect of the electric field on them. The 0.5 m beads experience positive dielectrophoresis in deionized water (conductivity of the order of 10 −5 S/m), while the 2.0 m beads experience negative dielectrophoresis over the frequency range investigated. 15, 26 At lower electric field magnitudes, the 0.5 m red fluorescent beads were attracted to the electrode edges, as expected from positive dielectrophoresis, while the 2.0 m green fluorescent beads remained stationary. As the electric field magnitude increased, the 0.5 m beads started to migrate outward from the electrode edges despite their dielectrophoretic attraction to the electrodes, and the 2.0 m beads began migrating downwards from the area above the electrodes toward the plane of the electrodes, where they were repelled from the electrodes and collected in the area between the electrodes.
The fluid flow at 100 kHz [ Fig. 4(b) ] exhibited a qualitatively similar pattern to that at 1 MHz, but the velocity of the fluid at corresponding electric field magnitudes was substantially higher at the lower frequency. As above, the 0.5 m beads were attracted to the electrode edges at low electric fields, while the 2.0 m beads experienced only limited movement. However, as the electric field increased to 0.25 MV/ m, the 0.5 m beads were repelled from the electrode edges towards the center of the gap between the two electrodes. The 2.0 m beads migrated towards the gap between the electrodes, where they were pushed away at a high velocity just above the plane of the electrodes by the strong fluid flow [Fig. 4(b) ]. The fluid flow at the lowest investigated frequency ͑45 kHz͒ was qualitatively the same as at 100 kHz but was quantitatively stronger. At all the frequencies investigated in this work, the direction of the fluid flow in the plane of the electrodes is from the electrode edges towards the center of the gap between them.
It has been shown previously that fluid flow can lead to the elongation of immobilized DNA molecules. 34, 35 However, elongation of the DNA in this study cannot be attributed to fluid flow alone. The decrease of the elongation of the DNA with increasing frequencies above 300 kHz followed the same pattern as the decrease in fluid flow, suggesting some influence of the fluid flow on the elongation of DNA, while the opposite was found at low frequencies. No measurable elongation was observed for frequencies below about 100 kHz, whereas the fluid flow at 45 kHz was substantially higher than at 300 kHz, where the elongation of the DNA was maximal. At frequencies below 100 kHz, the effective electric field is reduced owing to electrode polarization 6, 36 leading to a substantial decrease in the dipole moment and thus the dielectrophoretic torque. This suggests that a combination of the torque and the viscous drag force exerted on the DNA molecules result in the elongation of the DNA over the frequency range investigated. The fluid flow most likely provides the required directional bias to the torque resulting in elongation of the DNA molecules. Even though the fluid flow and thus the bias force increase with decreasing frequency, the reduced torque is not sufficient to overcome thermal randomization.
The decrease in length of the elongated DNA as a function of frequency above about 300 kHz [ Fig. 3(a) ] results from a combination of the decrease of the force pulling the DNA molecules away from the electrodes and a reduction of the dielectrophoretic torque. The reorientation of the charges along the backbone of the DNA starts lagging behind the switch in the polarity of the electrodes in the ac field with increasing frequencies, leading to a decrease of the effective dipole moment and thus torque. only depends on the amplitude and frequency of the electric field, not on the contour length of the DNA. We note that the 15 kb fragments show deviations from the general behavior at high frequencies, probably owing to errors in the length measurements becoming large relative to the contour length of the DNA.
The results shown in Fig. 5 suggest that the mean elongation per unit length neither depends on the contour length of the DNA nor on the position of the segment of interest, i.e., on the distance from the electrode. In solution, the DNA molecule is surrounded by positive counter ions. The large contour lengths of the DNA fragments make it unlikely that the counter ions migrate all the way along the length of the DNA, and the counter ions are spatially restricted to short segments of the DNA. 37, 38 Because the counter ions are uniformly distributed the torque acting on each segment is uniform. Therefore, we conclude that the total force acting on each segment is uniform over the majority of the molecule, again suggesting that the dielectrophoretic force plays only a minor role in the elongation of the immobilized DNA.
B. Influence of electrode separation
The forces responsible for elongating the surface-bound DNA depend on the electric field distribution across the gap between the electrodes. It may be expected that reducing both the gap size and the applied potential by an equivalent factor would not change the dielectrophoretic behavior of the DNA as the electric field does not change significantly. However, in the experiment we do observe changes in the behavior of the DNA, indicating that processes other than dielectrophoresis are important. Figures 6(a)-6(d) show the elongation of 15 kb ͑6.5 m͒, 25 kb ͑11 m͒, 35 kb ͑15 m͒, and 48 kb ͑20 m͒ DNA, respectively, as a function of electric field at various electrode separations. The frequency of the electric field was 300 kHz in all cases. In Figs. 6(a) and 6(b) [15 kb ͑6.5 m͒ and 25 kb ͑11 m͒] the elongation of the DNA did not depend on the electrode separation and the behavior was very similar in all three cases. The DNA was elongated to its full contour length at sufficiently strong electric fields, irrespective of the electrode separation. Figure 6 (c) shows the same measurements for the 35 kb ͑15 m͒ DNA, but only the experiments with electrode separations of 30 and 40 m showed similar behavior to the 15 kb ͑6.5 m͒ and the 25 kb ͑11 m͒ DNA fragments, i.e., full elongation at sufficiently strong fields, whereas the experiments performed on the 20 m gaps only led to substantially reduced elongation. This effect is even more pronounced in the case of the 48 kb ͑20 m͒ DNA, where only the experiments on the 40 m gap led to the full elongation of the DNA molecules. Figures 6(c) and 6(d) suggest that the DNA molecules can only be elongated to half the distance between the electrodes if the gap is smaller than twice the length of the molecules, irrespective of the applied electric field. We note that for all the different-sized DNA fragments stable elongation was not possible when voltages of more than 20 V were applied, irrespective of the electrode gap size.
These findings are compatible with the elongation mechanism discussed earlier, where the bias force required to elongate the DNA molecules, in this case the fluid flow, changes direction halfway between the electrodes. An increase of the field only leads to a stronger bias force and not to further elongation of the molecule. This phenomenon is shown in Figs. 6(c) and 6(d) , where the 35 kb DNA ͑15 m͒ is only elongated to its full length when the gap is larger than twice the contour length (i.e., for 30 and 40 m gaps), but is restricted to half the gap size otherwise (i.e., for 20 m gaps). The same is true for the 48 kb DNA ͑20 m͒, which only reaches its full length in 40 m gaps.
IV. CONCLUSIONS
When exposed to a high frequency ac electric field, DNA molecules stretch from a compact coil into an elongated conformation as a result of the forces exerted on them. By immobilizing the DNA molecules onto the electrodes, the contribution of the torque to the elongation of the DNA could be studied. The width of the fluorescent band of elongated DNA around the electrodes was used to quantify the elongation and orientation. We investigated the elongation and orientation of surface-bound DNA molecules of different sizes as a function of electric field magnitude and frequency. Maximum elongation was found for all different-sized fragments around 200-300 kHz. We found that elongation was only possible in fields higher than 0.06 MV/ m. Above an applied voltage of 20 V, owing to the electrothermal fluid flow, no stable fluorescent band could be formed.
Our findings are compatible with an elongation mechanism based on the alignment of the DNA molecule segments with the electric field lines by the torque acting on the induced dipole in the molecule in conjunction with a bias force. We studied the electrohydrodynamic fluid flow by investigating the movement of fluorescently labeled latex beads during application of ac electric fields and we found that fluid flow occurred over the whole frequency range investigated, even at low electric field magnitudes. The fluid flow was always outwards from the electrode edges, and its velocity increased with decreasing frequency. This fluid flow results in a viscous drag force acting on the DNA during dielectrophoresis, thus supplying the torque with a directional bias pointing away from the electrode edge.
At low frequencies ͑Ͻ100 kHz͒ the elongation decreased with decreasing frequency and was below the detection limit at 45 kHz, even though the fluid flow was larger than at 300 kHz. This decay is due to a decrease of the torque owing to electrode polarization. At high frequencies ͑Ͼ400 kHz͒, the elongation decreased with increasing frequency as a result of the decreasing torque and decreasing fluid flow and thus bias force, leading to smaller elongation of the DNA. We conclude that the torque, complemented by a directional bias force, provides the major contribution to the elongation of the DNA.
By normalizing the elongation of the various DNA fragments with respect to their contour lengths as a function of electric field magnitude, we found that the contour length of the DNA has little influence on the normalized elongation of the DNA at a particular electric field frequency and magnitude, suggesting that the force acting on each segment of the DNA is uniform over most of the molecule.
Further, we investigated the influence of the electrode separation on the elongation of DNA. We found that DNA with contour lengths shorter than half the width of the gap elongated fully, while larger molecules were limited to half the distance between the electrodes. A maximum length of about 10 m was observed for all the DNA molecules, except the 15 kb ͑6.5 m͒ molecule, using an electric field of 1 MV/ m to stretch the DNA across a 20 m gap. These results, where the dielectrophoresis experiments were conducted on electrodes with various separations, further support the proposed elongation mechanism.
